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1. Introduction

Indonesia possesses substantial geothermal energy potential owing to its location along the Ring of
Fire, characterized by intense volcanic and tectonic activity [1-3]. These conditions facilitate the
formation of geothermal systems, which are commonly indicated by various surface manifestations
such as hot springs, fumaroles, and hydrothermal alteration zones [4-6]. The presence of such
manifestations is frequently associated with local geological conditions, particularly the existence of
geological structures such as faults and fractures that serve as pathways for hydrothermal fluid
migration from depth to the surface [7-8]. Consequently, understanding the flow pathways of
hydrothermal fluids constitutes one of the fundamental aspects in the study of geothermal systems [9].

One region with notable geothermal potential in Lampung Province is the Muara Putih Cisarua
area, Natar District, South Lampung, which is characterized by the emergence of hot spring
manifestations. The geothermal system in this area is considered unique, as its manifestations appear
at a considerable distance from active volcanic centers, suggesting that the system is primarily
controlled by regional geological structures, particularly the northwest—southeast trending fault system
associated with the Lampung-Panjang Fault [10].

The principal geological structure in the study area is the Lampung-Panjang Fault, oriented
northwest-southeast (NW-SE), which is known to be tectonically active [11]. The emergence of the
Cisarua hot spring is closely associated with this fault system, which acts as the primary migration
pathway for hydrothermal fluids ascending from depth to the surface. The occurrence of hot springs
at Cisarua is notably distinct from typical geothermal manifestations, which are generally found in
proximity to volcanic centers. This locality is situated in a relatively flat terrain and lies at a
considerable distance from active volcanism, thus necessitating further investigation to elucidate the
mechanisms responsible for hot spring development in this area [12].

From a geological perspective, the Cisarua Hot Spring is located in a lowland environment
approximately 16 km from the nearest volcano, Gunung Betung, indicating an absence of direct
relationships with volcanic activity [13]. The nearby Merak Batin Natar hot spring manifestation
occupies the same geological setting and is controlled by the Lampung-Panjang Fault structural
system, demonstrating that both manifestations share a common tectonic rather than volcanic heat
source origin.

Based on geological mapping [10], the lithological units in this region comprise several formations
of different ages. The oldest unit is the Gunung Kasih Complex (Pzg), consisting of metamorphic
rocks including schist, gneiss, quartzite, and marble, interpreted as the regional basement. This unit is
intruded by Cretaceous diorite and quartz diorite (Kds) and Cretaceous-Paleogene Branti
Granodiorite (Kgdb), which induced contact metamorphism that formed the Marble unit (Pzgm).
Overlying the basement is the Pliocene-Pleistocene Lampung Formation (QTI), which is dominated
by volcaniclastic deposits including tuffaceous sandstone, conglomerate, and tuffaceous clay
interlayered with limestone. The youngest unit is the Holocene Young Volcanic Deposit (Qhvp),
consisting of lava flows, volcanic breccia, and tuff with relatively low to moderate consolidation.

A previous study on the geothermal system in the Natar area was conducted by [10]. To
investigate fluid flow from a newly drilled well using the geoelectric method to identify hot water flow
pathways in the vicinity of the new well hot spring. That study also employed the Very Low Frequency
Electromagnetic (VLF-EM) method to detect the presence of fault structures suspected to serve as
migration pathways for hydrothermal fluids. The results revealed low resistivity zones interpreted as
hot fluid flow pathways potentially associated with local geological structures. Furthermore, the
geothermal manifestations in the Natar and Cisarua areas were classified as bicarbonate-type hot
springs genetically related to the regional structural system of the Lampung-Panjang Fault [12].
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Figure 1. Regional Geological Map

Nevertheless, that study was subject to several limitations. The number of measurement tracks
employed was relatively limited, resulting in an investigative coverage that was insufficient to
comprehensively characterize the subsurface conditions across the area. In addition, the focus of the
previous research was primarily directed toward identifying fluid flow pathways associated with the
newly drilled well, while the relationship between fluid flow pathways and the older well within the
area had not been examined in detail. These limitations have resulted in an incomplete understanding
of the hydrothermal fluid flow distribution pattern within the Cisarua hot spring area.

To address these limitations, this research was undertaken to extend previous investigations by
expanding spatial coverage to four measurement profiles and re-analyzing subsurface hydrothermal
fluid flow pathways across the broader Cisarua Hot Spring area. Unlike previous studies, this
investigation explicitly examines the hydrological relationship between the old well and new well as
distinct manifestation points, integrating Electrical Resistivity Tomography (ERT) and Induced
Polarization (IP) data from multiple survey lines to construct a three-dimensional (3D) subsurface
model. This integrated approach enables more comprehensive characterization of the hydrothermal
system architecture and supports more robust decision-making for sustainable geothermal resource
development in the region.

2. Research Methods

2.1. Study Area

Administratively, the study area exhibiting geothermal manifestations is the Cisarua Hot Spring,
located in Natar District, South Lampung Regency, Lampung Province. Geographically, the site is
situated approximately 4 km to the east of Natar Town and approximately 15 km to the north of
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Bandar Lampung City. The occurrence of hot spring discharge in this area is presumed to be associated
with regional geological structural activity, particularly the Lampung-Panjang Fault trending
northwest-southeast (NW-SE) [11].
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Figure 2. Acquisition Design Map

2.2. Research Parameters
This study employed two geophysical methods, as described below:

2.2.1. Geoelectric Method

The working principle of the geoelectric method involves injecting an electric current into the ground
surface through a pair of current electrodes and measuring the resulting potential difference using a
separate pair of potential electrodes [14-15]. When an electric current is injected into a medium and
the potential difference (voltage) is measured, the resistivity value of the medium can be estimated [16-
17]. Field data acquisition was conducted using an ARES (Automatic Resistivity Equipment System)
instrument along four measurement profiles.

Each profile was 235 m in length with an electrode spacing of 5 m, achieving maximum
investigation depths of approximately 44.65 m. A total of 48 electrodes were linearly deployed along
each survey line to obtain subsurface resistivity data. The acquired data were subsequently processed
using RES2DINYV software through least-squares inversion to generate two-dimensional resistivity
distribution models representing the subsurface conditions within the study area [18]. The geoelectric
resistivity method is based on Ohm's Law, expressed by the following equation [19]:

R=p; (M
The resistivity values measured by this method do not represent true resistivity, but rather apparent
resistivity [20].
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The electrode configuration employed in this study is the Wenner-Schlumberger configuration.
This configuration operates on a constant spacing system, where the factor # is defined as the ratio of
the distance between electrodes C1-P1 (or C2-P2) to the spacing between P1-P2 [21-23]. If the spacing
between the potential electrodes (P1 and P2) is a, then the distance between the current electrodes (C1
and C2) is 2na + a [24-25]. The resistivity determination process utilizes four electrodes arranged in a
collinear configuration [26-27].

2.2.2. Induced Polarization Method

The Induced Polarization (IP) method measures the degree of polarization within rocks as a result of
an electric current passing through them [28-31]. The fundamental principle underlying the induced
polarization phenomenon is the flow of current that generates a charge transfer reaction between
electrolytic ions and minerals exhibiting a high degree of polarizability [32-35]. The Induced
Polarization (IP) method operates by measuring the polarization effect occurring within a medium in
response to an applied electric current [36-39]. The electric current is injected into the ground through
two current electrodes (C1 and C2), after which the current passes through a capacitor and is received
by two potential electrodes (P1 and P2) [40-41]. When the electric current is terminated, the potential
difference should theoretically return to zero. In practice, however, the potential difference does not
instantaneously reach zero; instead, it decays gradually toward zero. This phenomenon is known as
the overvoltage effect [42].

The acquired data were further processed using RES2DINYV software via least-squares inversion
algorithm to produce two-dimensional chargeability and resistivity. These chargeability sections were
employed to identify zones of hydrothermal alteration and accumulation of polarizable minerals
within the subsurface. The integration of resistivity and chargeability parameters enabled
comprehensive characterization of the subsurface geothermal architecture and differentiation between
clay cap, reservoir, and host rock lithologies.

The Induced Polarization method, when applied in the time domain, involves the use of direct
current (DC) injected at different time intervals. To determine the chargeability value (M), the
secondary voltage (Vs) measured after the current is switched off is compared to the primary voltage
(Vp). If the decay curve is sampled at several points, the values of the integral are effectively a measure
of the potential existing at different times, that is, V(t 1), V(t 2 ),... V(tn) [43]. This is an extension of
the measurement from which one also obtains the decay curve shape [44].

This is defined as [45]:

M= o[V dt 3)

and is the most commonly used quantity in time-domain Induced Polarization (IP) measurement.
‘When V(t) and V.have the same units, the chargeability M is in milliseconds [45-46].

2.3 Research Workflow

The research workflow commenced with a preparatory stage encompassing field geological
observations, literature review, and regional geological map analysis. Field observations were
conducted to directly identify surface geological characteristics, including the presence of geothermal
manifestations and indications of geological structures such as faults and fractures that potentially
control the hydrothermal system. The literature review served to establish a robust theoretical
framework while simultaneously evaluating methodological approaches employed in previous
studies. Regional geological map analysis was utilized to comprehend the configuration of geological
structures at a broader scale and their role in controlling the distribution of the geothermal system
within the study area.
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The subsequent stage involved the design of a data acquisition scheme, with particular emphasis
on determining the position and orientation of measurement lines. This design was conducted
systematically while considering local geological conditions and research objectives, specifically to
capture subsurface indications of hydrothermal fluid flow pathways. The measurement lines were
oriented in a northwest-southeast direction to maximize the detection of structural features associated
with the Lampung—Panjang Fault, thereby maximizing the potential to detect lateral and vertical
variations in subsurface physical properties along the structural corridor controlling hydrothermal
fluid migration. The position of each line was determined through integration of surface manifestation
distribution data and structural geological information obtained during the preparatory stage, ensuring
that data acquisition adequately represented the geothermal system target zone and captured spatial
relationships between the old well and new well manifestation points.

Data acquisition was performed using the geoelectric and Induced Polarization (IP) methods
along the predesigned tracks. Measurements were conducted systematically to obtain resistivity and
chargeability values across all designated survey lines. The resistivity parameter was utilized to
identify variations in fluid distribution based on contrasts in electrical conductivity among different
rock and fluid types, whereas chargeability was employed to characterize the polarization response of
rocks, which is generally associated with alteration processes and the presence of specific minerals
within the hydrothermal system. The acquired data were subsequently processed and inverted using
two-dimensional (2D) inversion software to generate subsurface resistivity and chargeability cross-
sections, which served as the primary basis for interpreting the geometry and distribution of the
hydrothermal system in the study area [47].

The acquired data were subsequently processed to improve data quality, primarily by minimizing
the influence of noise that may have been introduced during the acquisition process. Following this,
an inversion procedure was applied to transform the field data into a subsurface model. Upon
completion of the processing stage, an iterative data inversion procedure was carried out to transform
the measured data into a subsurface model that quantitatively represents the distribution of resistivity
and chargeability. The inversion process was performed until a stable model was achieved with an
acceptable level of error. The inversion results were then visualized as two-dimensional (2D) cross-
sections depicting the variation of parameter values with respect to depth and lateral position [48].

Data from multiple measurement tracks were systematically integrated to construct a simplified
three-dimensional (3D) model of the subsurface geothermal system. This 3D visualization approach
provides a more comprehensive spatial representation compared to conventional 2D cross-sectional
analysis, thereby facilitating a more thorough understanding of the geometric relationships and spatial
continuity of anomalous zones throughout the study area. The 3D model was developed by correlating
resistivity and chargeability distributions across all four measurement tracks, enabling the
identification of anomalous features that extend laterally and vertically in three dimensions. This
spatial integration approach is particularly instrumental in revealing the three-dimensional
architecture of the hydrothermal system and its spatial association with the prevailing regional
geological structures, such as fault zones and lithological contacts. Furthermore, the 3D model enables
a more detailed analysis of the continuity and interconnection of hydrothermal fluid flow pathways
between distinct manifestation points, as well as elucidating the subsurface geometry of the clay cap
and reservoir zones. This methodology provides enhanced capability for conceptualizing the overall
geometry and subsurface characteristics of the non-volcanic geothermal system.

The final analytical stage consisted of comprehensive data interpretation, carried out through
systematic correlation of the 3D modeling results with the prevailing geological and structural
conditions documented in the study area. Through this integrated interpretation process,
hydrothermal fluid flow patterns and their spatial relationship with the geological structures
(particularly the Lampung-Panjang Fault) were identified and characterized. The interpretation
incorporated available geological information, including lithological boundaries, structural
lineaments, and surface manifestation locations, to validate the geophysical findings and enhance the
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reliability of the conclusions. Additionally, the interpretation specifically addressed the
interrelationship between the two distinct manifestation sources namely the old well and the new well
by examining their spatial proximity, anomalous characteristics (resistivity and chargeability
signatures), and connectivity patterns. This comprehensive analysis provided evidence that both
manifestation points represent components of a single, internally connected, and fault-controlled
hydrothermal system, rather than isolated geothermal features. The integrated approach thus enabled
a more robust understanding of the subsurface geothermal architecture and the mechanisms governing
fluid circulation in this non-volcanic setting.
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Figure 1. Research Workflow

3. Results and Discussion

Field data from Electrical Resistivity Tomography (ERT) and Induced Polarization (IP)
measurements. The inversion results are presented in the form of 2D and 3D cross-sections illustrating
the distribution of resistivity ((dm) and chargeability (ms) values with depth for subsequent geological
interpretation. The interpretation of resistivity values refers to previous studies that have been
correlated with local geological conditions [10], [49]. While the interpretation of chargeability values
refers to the classifications by Telford (1976) [45] and Muhamad Zainul Muhlisin (2019) [50], which
correlate chargeability ranges with lithological types.
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Table 1. Resistivity reference

Previous Studies Rock Type Resistivity Values (Qm)
. Tuff Clay 0-20
(Atsani et al., 2026) [10] Sandy Clay 20-70
: Tuff Cla <20
(Rizka, 2019) [49] Tuff Sand 20 - 80
Table 2. Chargeability Reference by Telford (1976)[45] and Muhamad Zainul
Muhlisin (2019)[50]
Chargeability Values Rock Type
20 - 35 ms Clay
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The inversion process for geophysical resistivity and Induced Polarization (IP) data was performed
using a least-squares inversion approach, which minimizes the difference between the field
measurement data and the model response. In this study, the inversion was performed for up to 5
iterations on each profile. Each iteration gradually refines the subsurface model until a relatively small
root mean square error (RMS error) is obtained (0.9%-11.6%) [51-52].
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Table 1. RMS error of 2D resistivity and IP inversion results per survey track

Survey Track Error Res (%) Error IP (%) Iteration
1 11.6 9.6 5
2 2.7 0.90 5
3 3.2 0.90 5
4 3.5 1.20 5

The relatively higher error rates on Track 1 (11.6% for resistivity and 9.6% for Induced
Polarization) are believed to be related to a degradation in data acquisition quality toward the end of
the line due to a decrease in the instrument's power source, which affected the stability of electrical
current injection at electrodes located farther from the starting point of the measurement. This
condition caused a sharp increase in data at several observation points, resulting in higher error values
compared to other lines. Nevertheless, these error values remain within an acceptable range for
geological interpretation and do not affect the main anomaly patterns identified in the inversion cross-
section.

The inversion results show a resistivity range of 3.3-33.6 Om. According to the reference [10], this
range correlates with lithologies ranging from tuffaceous clay (low resistivity, <20 (im) to tuffaceous
sand (medium resistivity, 20-70 Qm). Low resistivity values are interpreted as conductive materials
that are generally fluid-saturated, while medium resistivity reflects more permeable materials [3]. The
chargeability parameter from the Induced Polarization (IP) method indicates the rock’s polarizability
response, which generally increases in zones containing dissolved minerals or ionically charged fluids.

The correlation between resistivity and chargeability indicates that zones with low to medium
resistivity associated with high chargeability are a primary indication of fluid pathways. On Profile 1,
the resistivity cross-section shows a dominance of conductive zones in the central part of the profile,
which correlates with high chargeability anomalies in the Induced Polarization (IP) cross-section. In
Figure 4, the correlation pattern between low resistivity and high chargeability on Profile 1 indicates
the presence of an active hydrothermal fluid flow path that is structurally connected to the surface, a
finding reinforced by its proximity to the hot water manifestation point, as shown on the acquisition
design map in Figure 2[52].

Track 2 shows a relatively homogeneous distribution of low resistivity with low to moderate
chargeability values. These conditions indicate the dominance of water-saturated tuffaceous clay
lithology without the presence of focused fluid pathways. In Track 3, a zone of medium resistivity was
identified, flanked by low resistivity and correlated with increased chargeability. In Figure 6, this zone
is interpreted as a more permeable tuff sand layer that functions as a fluid flow path. Meanwhile,
Profile 4 shows variations in resistivity that are not accompanied by corresponding changes in
chargeability, suggesting that changes in physical properties are more controlled by lithological
variations than by the presence of charged fluid.

In the Induced Polarization (IP) cross-section, particularly in Profiles 1 and 3, zones with high
chargeability values (>20 ms) that coincide with low to medium resistivity are interpreted as clay
layers that have undergone hydrothermal alteration [29]. These layers act as cap rocks low
permeability layers that seal the upper part of the hot fluid reservoir. The presence of cap rocks is
crucial because these layers prevent the fluid from easily escaping to the surface in a diffuse manner,
thereby maintaining the thermal gradient and pressure within the reservoir.
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This interpretation is consistent with the regional geological conditions of the study area, which is
part of the Lampung Formation, composed of tuffaceous clay, tuffaceous sand, and clay. This is
reflected in the distribution of resistivity and chargeability, which tend to align with the orientation of
these structures. The identified zones, particularly along track 1 and 3, exhibit low to moderate
resistivity characteristics associated with relatively high chargeability, and are therefore interpreted as
fluid pathways.
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Figure 7. Fluid Flow Prediction Map

Based on the interpretation of the four survey tracks, anomaly zones are marked with dashed
circles or the notation “fluid flow prediction,” which indicates the estimated flow of hot fluid zones.
The orientation of the survey tracks indicates that track 1 and track 3 extend in a northwest—southeast
(NW-SE) direction [11].

These zones are interpreted as areas with interconnected subsurface anomalies and are suspected
to represent pathways of hydrothermal fluid flow continuity. This interpretation is based on the
correlation between low to moderate resistivity values and relatively high chargeability values,
indicating the presence of permeable zones filled with hot fluid and influenced by hydrothermal
alteration processes [9]. The presence of this predicted fluid flow zone indicates that the subsurface
fluid system in the study area is continuously interconnected, following the control of regional
geological structures. When linked to the surface distribution of hot water, both in old and new wells,
the fluid flow prediction of this zone reveals a connectivity pattern pointing to a single, unified fluid
flow system.

This indicates that the zone has the potential to serve as a primary migration pathway for hot
fluids from the reservoir to the surface. Thus, the area marked as a fluid flow prediction zone is
interpreted as a potential zone for the accumulation of subsurface hot fluids. If drilling is conducted
in this zone, there is a possibility of discovering new hot fluid discharge points associated with the
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geological conditions and the presence of hot water manifestations that follow the direction of the
main structural trend in the study area. Based on the integration of inversion results, acquisition design
maps, and regional geology, the direction of fluid flow in the Cisarua Hot Springs area is interpreted
to follow the direction of the main Lampung-Panjang Fault structure, namely from the northwest-
southeast (NW-SE), as shown in Figure 1. This interpretation is supported by the alignment of hot
spring manifestations (old and new wells) along this direction [10-11].

4. Conclusion

The application of Electrical Resistivity Tomography (ERT) and Induced Polarization (IP) methods
to four trajectories in the Cisarua Hot Springs area identified two main lithologies: tuffaceous clay
(resistivity <20 Om) and tuffaceous sand (20-33.6 Om), consistent with the characteristics of the
Lampung Formation. The RMS error ranged from 0.9% to 11.6%, confirming the inversion model for
geological interpretation. The low-resistivity zone associated with high chargeability (>20 ms) in
Trajectories 1 and 3 is interpreted as an active hydrothermal fluid flow pathway controlled by the
northwest southeast trending Lampung Panjang Fault. The altered clay layer identified above this
Zone serves as a reservoir cap, maintaining the pressure system and thermal gradient.

The anomalous continuity in Trajectories 1 and 3 demonstrates that the old and new wells are
part of a single, interconnected hydrothermal system. Subsurface fluid migration is controlled by the
Lampung—Panjang Fault, which serves as the primary pathway for hot fluid movement to the surface.
These findings provide a scientific basis for further geothermal exploration in the South Lampung
region.
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